We have investigated the magnetization reversal of vortex structures in Fe as well as in IrMn/Fe magnetic caps at elevated temperatures up to 450 K. The caps were formed by film deposition onto dense arrays of self-assembled silica particles of 900 nm diameter. In the investigated temperature range, the magnetization reversal in Fe caps evolves via nucleation and annihilation of magnetic vortices. However, in exchange coupled IrMn/Fe caps, the magnetic vortex at zero magnetic field vanishes as the temperature approaches the blocking temperature of IrMn accompanied by an increase in coercivity. Further increase in temperature, approaching the N eel temperature of IrMn, results in a reduction of coercivity as well as remanence indicating the re-stabilization of a vortex state. Magnetization reversal in magnetic structures is interesting both from a fundamental and a technological perspective. When the size of the magnetic structure becomes comparable to a critical length scale, such as exchange length, the multidomain spin configuration becomes energetically unfavorable and either a single domain or an inhomogeneous magnetization configuration is formed. In micron sized, nanometer thick, soft ferromagnetic (FM) disks, as the magnetic field is reduced from saturation, the magnetization tends to curl up in the in-plane direction along the edges of the disks to minimize the magnetostatic energy. This leads to a flux closure configuration with a central core, where the magnetization points perpendicular to the plane of the disks. 1, 2 This magnetic vortex structure is characterized by a sudden drop of the in-plane magnetization around the nucleation field. As the applied in-plane field is increased, the core of this vortex moves perpendicular to the field direction until it is expelled from the disk at the annihilation field. 3 The reversal mechanism and the magnetic hysteresis curve of a magnetic vortex is therefore to a large extend controlled by the contributions of exchange and magnetostatic energy.
In order to alter these contributions, exchange coupling at the common interface of a ferromagnet (FM) and an antiferromagnet (AF) can be used. When such a system is cooled below the N eel temperature of the AF in a magnetic field, the interaction at the FM/AF interface gives rise to the exchange bias effect, resulting in a shift of the hysteresis loop along the field axis. In this regard, magnetization reversal in exchange biased permalloy (Py)/IrMn disks of 1 lm diameter was investigated. [4] [5] [6] [7] [8] [9] The magnetization reversal in such structures is found to be dependent on the applied field direction. If the applied in-plane field is along the exchange bias direction, the magnetization reverses via nucleation and annihilation of the vortex. On the other hand, if the in-plane field is applied perpendicular to the exchange bias direction, the magnetization reverses via coherent rotation. [4] [5] [6] On zero field cooling, it was found that a circular exchange bias is induced as a result of imprinting the vortex configuration of the ferromagnet into the AF IrMn. In this case, the nucleation and annihilation field of the magnetic vortex can be substantially increased. 8, 9 Reversal behavior of exchange biased Fe/ FeF 2 dots were also investigated at different temperatures. 10 It was found that the vortex state formation leads to a smaller exchange bias when compared to that in continuous thin films. Moreover, temperature dependence of magnetization reversal in individual Py disks suggested that at low temperatures, vortex nucleation and annihilation proceeds via thermal activation. 11 However, at higher temperatures, the reversal process is governed by the temperature dependence of the saturation magnetization. 12, 13 It is noteworthy that although the influence of the cooling field and cooling field direction on the magnetization reversal of exchange biased magnetic vortices has been extensively investigated, limited work has been carried out so far on how the temperature influences the magnetization reversal. [10] [11] [12] [13] Near the blocking temperature of IrMn, the reversal process in exchange biased microcaps will be governed by the temperature dependence of AF magnetization and magnetic anisotropy. In this article, we demonstrate that in exchange biased IrMn/Fe caps, the vortex spin configuration at zero magnetic field destabilizes as temperature approaches the blocking temperature of IrMn. At higher temperatures, as the AF ordering deteriorates, the vortex state re-stabilizes, thus allowing control of the reversal process by temperature.
We adopted a bottom-up self-assembly method in which thin films of composition Pt(5 nm)/Ir 23 Mn 77 (5 nm)/Fe(4 nm) were DC magnetron sputter deposited onto dense arrays of self-assembled silica particles of 900 nm diameter. The Arpressure was kept constant at 3.5 Â 10 À3 mbar, while the base pressure of the deposition chamber was 1 Â 10 À8 mbar. During film deposition, the thickness was monitored using a calibrated quartz microbalance. For reference, films were a)
Author to whom correspondence should be addressed. 14 In recent studies, it was shown that magnetic vortex states can be formed using this approach by depositing magnetic thin films onto particle arrays with different diameters. [15] [16] [17] [18] An added advantage of this self-assembly technique is that large area arrays (>5 mm Â 5 mm) of magnetic nanostructures can be easily realized, which is crucial as far as integral magnetic characterization is concerned. Figure 1 shows a scanning electron microscope (SEM) plan-view image of a sample. Inset depicts a schematic of the particle cross-section, showing the formed magnetic cap structure after film deposition. Magnetic hysteresis (M-H) loops were recorded using a superconducting quantum interference device-vibrating sample magnetometer (SQUID-VSM) in the temperature range between 300 K and 450 K. The magnetic properties were reproducible after subsequent heating and cooling cycles, provided that the same field cooling procedures was applied in each case. However, it was found that at 500 K, the magnetic properties were deteriorating due to strong interlayer diffusion. Figure 2 shows in-plane M-H loops recorded for 4-nmthick Fe caps at different temperatures, T meas , ranging from 300 K to 400 K. As a typical example, the M-H loop recorded at 300 K shows a sudden decrease in magnetization at about 25 Oe when starting from positive saturation. This is followed by a flux closure state at remanence and subsequently, the vortex annihilates at a reverse field of about À60 Oe. These characteristic features of magnetic vortex structure persist even at elevated temperatures of about 400 K. However, the saturation magnetic moment of the caps starts to decrease with increasing temperature. Figure 3 shows M-H loops recorded at 300 K for IrMn/ Fe caps after field cooling from 400 K at different cooling fields H Cool (40 Oe, 70 Oe, and 1 kOe). Please note that the temperature used for setting the exchange bias is below the N eel temperature for IrMn. In polycrystalline AF thin films, thermal activation of AF grains can be utilized to set the exchange bias despite the persisting AF order within each grain. 19 In the present case, 400 K is sufficient for the majority of AF grains to thermally overcome the energy barrier and align along the magnetization direction of the FM. When the caps are cooled in a zero field through the blocking temperature of IrMn, a circular exchange bias is induced by imprinting the vortex configuration of the ferromagnetic Fe layer into the IrMn. 8, 9, 20 When the caps are field cooled in small cooling fields (<100 Oe), the vortex core will be slightly off centered and subsequently this spin configuration gets imprinted into the antiferromagnetic IrMn. Thus, the M-H loops that were recorded along the cooling field direction become asymmetric due to the asymmetric motion of the vortex core as a function of the external magnetic field, resulting also in a non-zero remanence (Fig. 3) .
As the cooling field increases, the remanent magnetization increases as well. Once the cooling field exceeds the saturation field of the Fe layer, instead of a vortex state an onion state gets imprinted into the IrMn layer. 21 In this case, vortex state formation at zero field is no more favorable due to the dominance of the pinning energy induced by the exchange coupling between Fe and IrMn. Therefore, the M-H loop measured after field cooling in larger fields (1 kOe) shows an increase in coercivity (160 Oe) and a horizontal loop shift of about À200 Oe. Figure 4 (a) shows M-H loops recorded for IrMn/Fe caps at different temperatures in the range of 300 K-400 K. Initially, the samples were dc demagnetized at 400 K, then zero field cooled to 300 K, forming vortices, and subsequently M-H loops were measured at different T meas . As expected, the M-H loop recorded at 300 K shows signatures of a magnetization reversal via vortex state nucleation and annihilation. However, the loop is slightly asymmetric as a result of a "non-zero" field cooling. The latter is due to the superconducting magnet, where oscillating the field from 7 T to zero during the sample demagnetization will result in a small remanent field in the magnet, which is still large enough to displace the vortex core from the center of the caps. The exchange bias field, H eb , in this case is around 90 Oe. As the temperature increases, H eb gradually decreases as more IrMn grains gets thermally disordered and reaches a minimal value at 400 K as shown in Fig. 4(b) . The mean blocking temperature was found from the fit to the linear part of the H eb and its intersection at the abscissa. 22, 23 It was found to be around 380 K.
On increasing the temperature to 350 K, remanence and coercivity of the caps increases. At 375 and 400 K, the characteristic loop of a vortex fully disappears and the coercivity reaches its largest value at 375 K (see Fig. 3(c) ). At this temperature near to the blocking temperature, the vortex state at zero field is no longer favorable, which is in contrast to the observation for the unbiased Fe caps (Fig. 2) . Therefore, the temperature dependence of the vortex stability is clearly linked to the magnetic properties of the IrMn layer. We will discuss this in the following.
On zero field cooling from 400 K to 300 K, a circular exchange bias is introduced by imprinting the vortex configuration of the Fe layer into the AF IrMn. At 300 K, a sufficient number of AF spins are in a blocked state so that these spins do not rotate during the reversal of the FM. In this case, AF spins will be contributing to the exchange bias and will be stabilizing the vortex configuration in the ferromagnet at zero field. On the other hand, the exchange bias will vanish when the interfacial exchange coupling, J net , tends to zero or when AF spins will start to rotate along with the FM spins during the magnetization reversal. Therefore, the evolution of the M-H curve with temperature depends strongly on the balance between J net and the magnetic anisotropy of the antiferromagnet, K AF . Both J net and K AF follow a J net / M AF and K AF / ½M AF 3 dependency on AF sublattice magnetization, M AF , which in turn has a temperature dependency, M AF / ½T N À T 1 3 . 24, 25 As the temperature increases, both J net and K AF are expected to decrease and once the temperature approaches the blocking temperature, a significant number of AF spins will be thermally unstable (on a time scale of SQUID-VSM measurements). As the FM magnetization is reversed, while the field is swept from þH to ÀH, there will be also AF spins that are not rigid but are rotatable following the orientation of the FM spins. This effect give rise to a coercivity enhancement near the blocking temperature as predicted and observed in FM/AF bilayer systems. 14, [26] [27] [28] [29] Once the measurement temperature approaches the N eel temperature, the AF will undergo a transition to a paramagnetic state. Furthermore, the interfacial exchange coupling will also become destabilized and the magnetic property of the heterostructure will be governed solely by the FM layer. Therefore, a vortex state at zero field is expected to reappear. This is indeed somehow indicated in the M-H loop recorded at 450 K presented in Fig. 5 . Please note that measurements at higher temperatures, T ! T N ; were not possible due to the degradation of the magnetic properties induced by interface diffusion.
In conclusion, we have investigated the magnetization reversal process in Fe and IrMn/Fe cap structures at elevated temperatures up to 450 K. It was found that for unbiased Fe caps in the investigated temperature range, magnetization reversal occurs via nucleation and annihilation of magnetic vortices. On coupling the Fe caps with IrMn, exchange bias is introduced by imprinting the vortex configuration into the antiferromagnet. Remanent magnetization in IrMn/Fe caps increases with field cooling. The evolution of the remanent magnetization with cooling field can be attributed to the progressive displacement of the imprinted vortex core with respect to the cap center on field cooling. Near the blocking temperature of IrMn, the coercivity of IrMn/Fe caps increases. The increase in coercivity is supposed to be arising from rotatable, low anisotropy AF spins, which reverse along FM reversal. As the temperature approaches the N eel temperature, both the interfacial exchange coupling and the antiferromagnetic ordering deteriorate, resulting in a decrease in coercivity and remanence.
